Abstract We review recent PIC simulation results which show that double-sided irradiation of a thin over-dense plasma slab with ultra-intense laser pulses from both sides can lead to sustained comoving Poynting flux acceleration of electrons to energies much higher than the conventional ponderomotive limit. The result is a robust power-law electron momentum spectrum similar to astrophysical sources. We discuss future ultra-intense laser experiments that may be used to simulate astrophysical particle acceleration.
Introduction
Most high energy astrophysical sources (pulsars, blazars, gamma-ray bursts, supernova remnants) emit a simple power-law spectrum in the x-gamma-ray range. The most common observed photon index lies in the range 2-3, which translates into an electron momentum index of 3 -5 for optically thin radiation (Rybicki and Lightman 1979) . The most popular current models for astrophysical particle acceleration are shock acceleration (first-order Fermi), diffusive wave acceleration, and Poynting flux acceleration by large-scale electromagnetic fields. In earlier work (Liang et al 2003) we demonstrated that Poynting flux acceleration driven by electromagnetic-dominated outflows (Liang et al 2003) naturally produces robust power-law relativistic electron spectra. Poynting flux acceleration of e+e-plasmas is especially relevant to gamma-ray bursts and pulsar winds. It is therefore highly desirable to study particle acceleration in the laboratory that may mimic or at least shed new light on Poynting flux acceleration in astrophysics.
Recent advances in ultra-intense short-pulse lasers (ULs) (Mourou et al 1998 , Ditmire 2003 open up new frontiers on particle acceleration by ultra-strong electromagnetic (EM) fields in plasmas (Lontano et al 2002) . However, most conventional laser acceleration schemes (e.g. laser wakefield accelerator, plasma wakefield accelerator, plasma beat-wave accelerator, free wave accelerator, see Esarey et al 1996 , Sprangle et al 1990 Malka 2002 , Pukhov et al 1997 , Tajima and Dawson 1979 , Hussein et al 1992 , Kawata et al 1991 , Woodworth et al 1996 involve the propagation of lasers in an underdense plasma (ω pe =(4πne 2 /m e ) 1/2 <ω o =2πc/λ, λ=laser wavelength, n=electron density). In such schemes the acceleration gradient (energy gain/distance) (Esarey et al 1996 , Malka 2002 ) and energetic particle beam intensity are limited by the underdense requirement. They also do not produce a power-law electron spectrum.
Here we review PIC simulation results of a radically different concept: comoving acceleration of overdense (ω pe >ω o ) plasmas using colliding UL pulses. In this case the acceleration gradient and particle beam intensity are not limited by the underdensity condition.
This colliding laser pulses accelerator (CLPA) concept may have important applications to laboratory astrophysics since CLPA naturally produces a power-law electron spectrum, similar to the high energy spectra of observed astrophysical sources. Most other laser acceleration schemes produce either exponential or quasi-monoenergetic electron momentum distributions. 1 shows the basic idea of CLPA. Two linear polarized intense laser pulses with aligned B vectors irradiate a thin overdense plasma slab from opposite sides. They compress the slab until it becomes thinner than 2 relativistic skin depths. At that point the laser pulses "tunnel through" and capture the surface electrons as they reemerge at the far side of the slab. Due to plasma loading the laser pulses slow down and stay in phase with the fastest particles, and accelerate them continuously with self-induced comoving J x B forces. Fig. 2 shows the PIC simulation of two linearly polarized plane half-cycle EM pulses with parallel B, irradiating a thin e+e-slab from opposite sides (thickness=λ/2, initial density n o =15n cr (critical density)). Cases with nonparallel B are more complex and are still under investigation. Each incident pulse compresses and accelerates the plasma inward (Fig.1a) , reaching a terminal Lorentz factor of γ max~( Ω e /ω pe ) 2~4 0. Only ~10% of the incident EM amplitudes is reflected because the laser reflection front is propagating inward relativistically (Kruer et al 1975) . As the relativistic skin depths from both sides start to merge (Fig.1b) , the two UL pulses interpenetrate and tunnel through the plasma, despite ω pe > <γ> 1/2 ω o . Such transmission of EM waves through an overdense plasma could not be achieved using a single UL pulse, because there the upstream plasma is snowplowed by the laser pressure indefinitely. As the transmitted UL pulses reemerge from the plasma, they induce new drift currents J at the trailing edge of the pulses (Fig.1c) , with opposite signs to the initial currents (Fig.1b) , so that the new J x B forces pull the surface plasmas outward. We emphasize that the plasma loading which slows the transmitted UL pulses plays a crucial role in sustaining this comoving acceleration. For a given Ω e /ω pe the higher the plasma density, the more sustained the comoving acceleration, and a larger fraction of the plasma slab is accelerated.
Colliding Laser Pulses Accelerator
This unique feature distinguishes this overdense acceleration scheme from other underdense schemes. As slower particles gradually fall behind the UL Fig.2 . Evolution of two linearly polarized plane EM pulses (I(λ/µm) 2 =10 21 W/cm 2 , cτ=λ/2) irradiating an overdense e+e-plasma (n o =15n cr , thickness = λ/2, kT=2.6keV) from opposite sides. We plot magnetic field B y (medium), electric field E z (light), current density J z (dark) and p x /mc vs. pulses, the plasma loading of the UL pulses decreases with time. This leads to continuous acceleration of both the UL pulses and the dwindling population of trapped fast particles . The phase space evolution (Fig.1d ) of this colliding laser pulses accelerator (CLPA) resembles that of the DRPA discovered earlier (Liang et al 2003 , Nishimura et al 2004 . Fig.3 shows the results of irradiating an overdense e+e-slab using more realistic Gaussian pulse trains (λ=1µm, pulse length τ=85fs, I peak =10 21 Wcm -2 ). We see that γ max increases rapidly to 2200 by 1.28ps and 3500 by 2.56ps, far exceeding the ponderomotive limit a o 2 /2 (~360). The maximum Lorentz factor increases with time according to γ max (t)~e∫E(t)dt/mc. E(t) is the UL electric field comoving with the highest energy particles. E(t) decreases with time due to EM energy transfer to the particles, plus slow dephasing of particles from the UL pulse peak. This leads to γ max growth slower than linear and γ max ~t 0.8 (Fig.2b) . In practice, γ max will be limited by the diameter D of the laser focal spot, since particles drift transversely out of the laser field after t~D/c. The maximum energy of any comoving acceleration is thus < eE o D=6GeV (I/10 21 Wcm
(D/100µm). The asymptotic momentum distribution forms a power-law with slope ~ -1 (Fig.2d ) below γ max , distinct from the exponential distribution of ponderomotive heating (Kruer et al 1985 , Wilks et al 1992 , Gahn et al 1999 , Wang et al 2001 , Sheng et al 2004 . A quasi-power-law momentum distribution is formed below γ max since there is no other preferred energy scale below γ max , and the particles have random phases with respect to the EM field profile.
Proposed Laser Experiment
An experimental demonstration of the CLPA will require a dense and intense e+e-source. (Cowan et al 1999 (Cowan et al , 2000 demonstrated that such an e+e-source can be achieved by using a PW laser striking a gold foil. Theoretical works (Liang et al 1998 , Shen et al 2001 suggest that e+e-densities >10 22 cm -3 may be achievable with sufficient laser fluence. Such a high density e+e-jet can be slit-collimated to produce a ~ micron thick e+e-slab, followed by 2-sided irradiation with opposite UL pulses. As an example, consider UL pulses with τ=80fs and intensity=10
19 Wcm -2 . We need focal spot diameter D>600 µm for the pairs to remain inside the beam for >1ps. This translates into ~1KJ energy per UL pulse. Such high-energy UL's are currently under construction at many sites (Ditmire 2003). Fig.3 shows the artist conception of such an experimental setup. We have also performed simulations of CLPA using electron-ion plasmas. Results so far suggest that as long the e-ion slab is sufficiently thin and laser pulses sufficiently intense, so that the electrons can be compressed to less than two relativistic skin depths before the lasers are reflected, the electrons are accelerated by the reemerging pulses similar to the e+e-case. However the ions lag behind the electrons due to their inertia and are accelerated only by the charge-separation electric field. The late-time partition between electron and ion energies depends on the plasma density and laser intensities. Note that CLPA is insensitive to the relative phases of the two pulses. If one pulse arrives first it simply pushes the plasma toward the other pulse until it hits. Then both pulses compress the slab together with the same final results.
